Introduction
We have begun a comparative survey of the behavioral responses of vertebrates to abrupt changes in gravity, focusing on the reflexive behaviors animals exhibit when initially exposed to microgravity (16, 18) . We hypothesize that the manner in which animals respond to this unusual stimulus should be predictable from their natural history and phylogeny.
The most common behavior reported for mammals in microgravity is a repetitive series of righting reflexes leading to long axis rolling. Righting reflexes in freefall, inducing rolling, are well known for cats (9) and rats (15) . A rabbit in microgravity (videotaped by the Japanese TV station NHK) kicked its hindlimbs in a scissorlike fashion while alternately flexing and extending its trunk. These combined motions of the container. They actively moved their heads about, rotated their ears and, during take-off and ascent of the aircraft, climbed about on the mesh and floor of the box. Two of the bats attempted to fly; they flapped their wings and hopped about on the container bottom. This was also the only time in the course of the flights that the bats were observed to defecate. After the first few parabolas, all three bats suspended themselves from the mesh and began grooming. This consisted of licking or nibbling their torso and digits of the wing and hindlimbs, as well as scratching the torso with one hindlimb while remaining perched on the mesh with the other.
In the hypergravity phase preceding the first parabola, the bats remained suspended from the mesh or lay on the floor of the container. Because of the excess force of gravity in this short period, their movement was restricted and they remained immobile until the aircraft entered microgravity. During the first episode of microgravity one bat attempted to fly. It alternately flapped its wings and hovered for a few seconds, but did not loop (pitch) or roll along its long axis-in fact, it clearly prevented itself from any sort of rolling or flipping, by making small but rapid adjustments of its wing positions. The other bats remained attached to the mesh with their hindlimbs and did not open their wings into a full flight posture. However they did partially extend their upper limbs approximately 2-3 cm laterally, but kept their wings folded. The m e m b r a n e b e t w e e n t h e h i n d l i m b s (=uropatagium) and the hindlimbs themselves were spread apart. In this posture the bats drifted up and down from their point of attachment at the feet throughout the period of microgravity (see Fig. 1 ).
The bats did not attempt to fly in subsequent parabolas; rather, in microgravity they either climbed about on the mesh or entered the extended forelimb posture described above. Occasionally this posture was accompanied by a slight flexion of the torso and neck, notably during the earlier parabolas.
Between parabolas the bats exhibited extensive autogrooming, and in later parabolas often groomed even during periods of microgravity. This was particularly evident in the second flight of the day. Overall, the bats moved about less and exhibited the extended forelimb posture more often in later parabolas, especially during the second flight.
Discussion
The behavior of many animals in microgravity can be understood as manifestations of behaviors performed in Earth's normal gravity, without proposing microgravity or "space-specific" elements. This appears to be the case with Carollia perspicillata.
In microgravity the bats took up a commonly utilized neutral posture that provides stability and ready maneuverability. With forelimbs partially extended but wing tips closer together and wings folded, airborne bats experience no lift (due to lack of an airfoil) and high drag (10). This highly controlled posture, used in braking and turning, was their common position in microgravity. They exhibited no long axis rolling in microgravity. This same "checked" posture is also adopted by bats in 1 G when they ambulate across a surface with a quadrupedal gait (2). It is distinct from the resting posture, where both wings are folded ventrally around the body.
The partially extended forelimb posture observed in the bats during parabolic flight is also similar to an agonistic posture exhibited during social interactions in normal gravity. In particular, this wing posture has been observed as a component of "nosing" and "boxing" behaviors between harem males defending their territory (7, 12) . We speculate that it may have been adopted during parabolic flight as a reflexive response to the stress induced by this novel environment.
In many mammals, such as cats, monkeys and rats, an air righting reflex can be invoked by either visual or vestibular stimuli (11) . However, on the two occasions the bats tried to fly, one prior to any parabolic maneuvers and the other during a period of microgravity, there was no attempt at a righting response. This concurs with our hypothesis that the bats would not perform any righting maneuvers during parabolic flight.
Another notable response of the bats to altered gravity was autogrooming, which involved licking, nibbling and scratching of the body, and was performed both between and during episodes of microgravity. Grooming is an important activity for most mammals. In bats, besides playing a role in cleaning and comfort behavior, grooming can serve a thermoregulatory function. When body temperature exceeds the normal setting of 36.4 ∞C (9), C. perspicillata uses saliva and wing fanning to facilitate evaporation (8) . However, behaviors such as salivation accompanied by swallowing, licking and biting movements are also indicative of motion sickness in other mammalian species, including dogs, cats and squirrel monkeys [see ref. 4 for an introduction to this literature]. Although it was not possible to view salivation in our bats due to limited resolution on the video films, the licking and biting the animals exhibited may be manifestations of motion sickness.
The most probable role of the grooming displayed by the bats between parabolas and during microgravity is as a comfort behavior and a mechanism to reduce stress. As first observed in rats (1), autogrooming is often exhibited by mammals when in unfamiliar surroundings. Excessive autogrooming is a naturally occurring behavior in rodents that is mediated by adrenocorticotropic hormones [see ref. 3 for relevant literature]. Its neural and hormonal regulation in bats, however, has not been studied. As in the case of the extended forelimb posture, the autogrooming observed in the bats can be interpreted as a stress response to the unique, altered gravity environment experienced during parabolic flight.
In conclusion, although our sample size was small (N=3) and the episodes of exposure to microgravity brief (15-20s) , the reflexive behavior of the bat clearly differed from that of more terrestrial mammals tested in similar situations. Our study suggests that there is much taxonomic diversity in how vertebrates respond to changes in acceleration. Such diversity has been previously documented for aquatic vertebrates (6, 13, 14) and interpreted in the context of the habitat and lifestyle differences of the various animals (5).
